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ABSTRACT 
Energy harvesting from ambient vibrations exploiting piezoelectric materials is an efficient solution for the development of self-
sustainable electronic nodes. This work presents a simple and innovative piezoelectric energy harvester, intrinsically including 
dynamic magnification and inspired by fractal geometry. After an initial design step, computational analysis and experimental 
validation show a very good frequency response with five eigenfrequencies below 100 Hz. Even if the piezoelectric transducers were 
put only on a symmetric half of the top surface of the structure, the energy conversion is good for all the eigenfrequencies 
investigated. 
INTRODUCTION 
Harvesting energy from ambient vibrations, specifically in the form of kinetic energy, exploiting the direct piezoelectric effect, is 
an efficient solution for powering self-sustainable electronic devices and remote sensors. Equipped with such harvesting capability, 
these devices eliminate the need for external power sources (i.e. batteries or connection to the power grid), thus continuously 
operating over a long period of time. 
Among the large number of solutions proposed in the literature for energy harvesting through the piezoelectric effect, a peculiar 
approach consists in equipping the harvester with a dynamic magnifier. Dynamic magnification of the ambient energy that excites the 
harvester amplifies the dynamic response of the device (strain or displacement), thus increasing the harvested energy. Basically, 
dynamic magnification consists in constraining the harvester to an intermediate spring-mass system, which is fixed to the vibrating 
base structure. 
Aldraihem and Baz [1] provide a rigorous analysis of the dynamic magnifier concept applied to a single degree of freedom 
harvester, but many other works from the literature present solutions incorporating this concept [2–11]. 
As the name implies, a dynamic magnifier allows to magnify the strain experienced by the piezoelectric transducer, thus  
amplifying the output power of the harvester. Through a proper combination of the design parameters of the dynamic magnifier, both 
the power output and the effective bandwidth of the harvester can be remarkably increased. 
The configurations proposed in the literature usually have a complex geometry and large dimensions. This paper presents and 
experimentally investigates an innovative and simple vibration-based piezoelectric energy harvester, intrinsically including dynamic 
magnification and featuring a fractal-inspired geometry. 
Four are the steps of the work. The first step presents the innovative structure for the energy harvester which was originally 
proposed by the author in [12], among a set of fractal-inspired multifrequency structures [13–15]. The second step deals with 
computational modelling of the harvester prototype which is experimentally assessed in the third step. The fourth step focuses on the 
analysis and discussion of the results. 
CONCEPTUAL SOLUTION FOR THE ENERGY HARVESTER 
Figure 1 shows the innovative and simple conceptual solution for the piezoelectric energy harvester. This structure features a 
fractal-inspired geometry [16] starting from a square cantilever plate configuration and introducing parallel cuts at equal distance in 
the plate, which create a convoluted path between the constraints. The peculiar feature of fractal geometries is their self-affinity: they 
originates from an initial structure, called a generator, copied many times at different scales, positions, and directions. It comes that 
fractal geometries are self-similar structures, and therefore, their scaled versions have the same characteristics as the whole object. 
By focusing on the two inner cantilevers (A), it appears that they are supported by two S-shaped structures (B) which are 
intermediate between the external constraints and the fixed ends of the inner cantilevers. It comes that these S-shaped structures (B) 
act as a dynamic magnifier [10] for the inner cantilevers. The length of each cut, denoted as Li, was calculated as: 
  
0.9 iiL L  
 
where i = 1, 2, and L is the side length of the square support lamina. Exploiting the peculiar feature of the fractal-inspired 
geometry, more complex configurations can be obtained. 
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Figure 1 Structure of the proposed fractal-inspired geometry featuring dynamic magnification. 
MODELLING AND PROTOTYPE OF THE HARVESTER 
This section involves two steps concerning the finite element (FE) modelling and design of the harvester prototype. The first step 
investigates the eigenfrequencies and the corresponding eigenmodes of the proposed support structure, in order to identify where the 
maximum strains occurs. This allowed, in the second step, to define the exact prototype configuration. 
Modal analysis of the proposed structure 
The FE model, implemented through the ABAQUS 6.12 software [17], described in detail the configuration in Figure 1 by means 
of four noded, doubly curved, thin shell elements (S4R5), with reduced integration and hourglass control [17]. The model assumed a 
side length L equal to 100 mm and a thickness of 0.8 mm for the mild steel support square lamina. The average side length of the 
elements was set equal to 1 mm, according to a preliminary convergence analysis. A Young’s modulus of 206 GPa and a Poisson’s 
ratio of 0.3 described the linear elastic behaviour of the material. As shown in Figure 2, a built-in boundary condition along the edges 
reproduced the constraints in Figure 1. The modal analysis was performed in the range between 0 and 100 Hz, using the Lanczos 
algorithm. For this frequency range, Figure 3 shows the first five eigenmodes and the corresponding eigenfrequencies predicted by the 
FE model. In particular, the eigenmodes depict the contour map of the longitudinal strain. Since, the modal analysis is not quantitative 
in terms of the displacement field and hence the strain, these contour maps simply describe the mode shapes at each given 
eigenfrequency. 
Prototype design 
By examining the eigenmodes in Figure 3, two observations can be made. First, the deformation of the structure obviously occurs 
both in the dynamic magnifier element (B in Figure 1) and in the inner cantilevers (A in Figure 1). Thus, both of them can be exploited 
to the aim of energy conversion. Second, three are the areas where the maximum bending strains occur and thus where the 
piezoelectric transducers must be placed in order to maximize the energy conversion (from mechanical bending strain to electrical 
energy). The sketch in Figure 4 highlights through hatching these areas. Figure 5 shows the energy harvester prototype built  
according to this FE prediction of the strain. The proposed prototype involves a mild steel support lamina with a side length equal to 
100 mm. According to the maximum bending strain areas, three DuraAct piezoelectric transducers P-876.SP1 [18], with dimensions 
16 mm x 13 mm x 0.5 mm, were used. The piezoelectric transducers were bonded to the support lamina through the Hysol Loctite 
3422 A&B adhesive [19], a bi-component epoxy adhesive. To provide electrical connection, each piezoelectric transducer was 
connected with a couple of cables welded to the solder paths, which are both on the top surface. In order to simplify the experimental 
tests, the piezoelectric transducers were applied only on half of the top side of the structure, assuming a symmetrical behaviour. 
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Figure 2 Finite element model of the proposed structure. 
EXPERIMENTAL VALIDATION 
Two were the steps of the experimental tests on the converter prototype, aiming to investigate the modal response and the power 
output respectively. 
The first step identified the eigenfrequencies of the prototype in the range from 0 Hz up to 100 Hz, by applying a sinusoidal 
excitation with a frequency that sweeps from 5 Hz to 100 Hz, and a peak input acceleration equal to 9.81 m/s2. For each of these 
eigenfrequencies, the second step investigated the peak output voltage and the peak output power from the converter, for the following 
resistive load values: 6800 k, 470 k, 100 k, 47 k. In order to limit the tip deflection of the support plate, an input acceleration 
equal to 2.94 m/s2 (0.3g) was applied. 
 
 
(a) 
 
(b) 
 
(c) 
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(d) 
 
(e) 
Figure 3 FE prediction of the eigenmodes and corresponding eigenfrequencies of the proposed fractal-inspired geometry in the range 
below 100 Hz. 
The experimental set-up for the tests included an electrodynamic shaker (Data Physics BV400 [20]) and a Polytec point laser 
Doppler vibrometer [21]. The electrodynamic shaker was controlled in closed-loop through a miniature accelerometer (MMF 
KS94B100 [22]), that was fixed to the vibrating table. An 8-channel Abacus controller [20] together with the Signal Star [23] software 
allowed to manage both the shaker and to perform data acquisition. The Polytec point laser Doppler vibrometer was equipped with an 
OFV-505 sensor head and controlled by a Polytec OFV-5000 controller [21]. In order to identify the eigenfrequencies of the converter 
prototype and the corresponding tip deflection, the laser vibrometer was set up vertically, at a distance of 1 m from the plane of the 
converter. The speed measurement required a sensitivity equal to 500 mm/(s V), and was performed near the tip of cantilever A, and B 
in Figure 4, in order to exactly identify the eigenfrequencies of the structure. The PC, equipped with the Signal Star software, also 
registered the data from the laser Doppler vibrometer. All the DuraAct piezoelectric transducers on the converter prototype were 
electrically connected to a 16-channels data acquisition module (USB 6251 from National Instruments [23]). The Labview 
SignalExpress software, installed on a notebook, managed the data acquisition module and recorded the output voltage from each 
transducer. 
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Figure 4 Sketch of the prototype energy harvester, highlighting 
the position of the piezoelectric patches (hatched squares). 
85.4 Hz 
68.8 Hz 
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RESULTS 
Table 1 reports the eigenfrequencies predicted by the FE model of the converter prototype compared to those measured 
experimentally for the energy converter. 
Figure 6 displays the experimental tip speed of the converter measured in point P, Q, and R (see Figure 5) in the frequency range 
below 100 Hz, with an input acceleration equal to 9.81 m/s2. 
 
Figure 5 Prototype of the energy harvester fixed on the shaker vibrating table. 
 
Using the numbering in Figure 5 for the DuraAct transducers, Figure 7 show the curve of the experimental output voltage versus 
time for the three DuraAct transducers tuned at the fundamental frequency, with a 0.3 g acceleration, and a resistive load equal to 1000 
k. 
Figure 8 reports the output root mean square (RMS) voltage registered experimentally on the transducers at the same acceleration 
of 0.3 g, for each eigenfrequency and different resistive loads. 
Similarly, Figure 9 shows the bar charts of the experimental output power from each DuraAct transducer as a function of the 
eigenfrequency and the resistive load (from 6800 k down to 47 k). 
Figure 10 presents the total output power from the converter prototype: each bar of the chart is obtained by summing up the 
output power from each of the three transducers in Figure 9. 
DISCUSSION 
The comparison between the FE prediction and the experimental measurements of the eigenfrequencies of the harvester prototype 
(Table 1) highlights that the same number of eigenfrequencies are obtained below 100 Hz. With exception of the second one, the FE 
prediction overestimates the eigenfrequency values. This may be mainly imputed to the fact that this FE model describes only the 
support structure of the converter, without any piezoelectric transducer. 
The experimental tip speed curves in Figure 6 clearly show that each eigenmode deforms different regions of the structure. The 
fundamental eigenmode is the most easy to identify, since it clearly involves each of the three measurement points. 
 
Table 1: FE prediction and experimental measurements of the eigenfrequencies of the converter prototype in the range below 100 Hz. 
Eigenfrequencies 
FE model 
(Hz) 
Experimental tests 
(Hz) 
f1 34.0 29.8 
f2 42.5 45.2 
f3 60.3 53.8 
f4 69.2 62.6 
f5 88.1 82.9 
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Figure 6 Experimental tip speed of the converter prototype (P, Q, and R refers to Figure 5), for an input acceleration equal to 9.81 
m/s2. 
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Figure 7 Experimental output voltage versus time for an input excitation tuned to the fundamental frequency, and with a 1000 k 
resistive load. 
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(c) 
Figure 8 Output root mean square voltage, VRMS, predicted by the FE model and measured experimentally with an acceleration of 0.3 
g, for each eigenfrequency and resistive load: DuraAct transducer #1 (a), #2 (b), and #3 (c). 
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(c) 
Figure 9 Output power measured experimentally for each eigenfrequency with an acceleration of 0.3 g, and different resistive loads: 
DuraAct transducer #1 (a), #2 (b), and #3 (c). 
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Figure 10 Total output power (sum of all DuraAct transducers) from the converter prototype measured experimentally for each 
eigenfrequency with an acceleration of 0.3 g, and different resistive loads. 
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The curves in Figure 7 highlight that, despite the low input acceleration, the output voltage generation from the piezoelectric 
transducers is remarkable and in phase, in particular from the number #1 (up to 10 V) and #3 (up to 4 V). These quite high output 
voltage values confirm the efficient energy conversion of the system. 
Two observations can be made from Figure 8. First, for each eigenfrequency the output RMS voltage is significant, either for all 
the three DuraAct transducers (see in particular the fundamental eigenfrequency and the fourth eigenfrequency), or for some of them. 
Second, for all the eigenfrequencies, the output RMS voltage remarkably decreases as the resistive load decreases. 
The bar charts of the output power in Figure 9 highlight that the fundamental eigenfrequency exhibits the highest output power 
value, since all the three transducers are simultaneously active. By comparing the transducers, it appears that the number #3 (Figure 
9c), which is applied to the inner cantilever (Figure 5), provides the highest output power values, in particular at the first and fourth 
eigenfrequencies. By contrast, the output power from transducers #1 and #2 (Figure 9a, b), which are applied to the dynamic 
magnifier part of the structure (Figure 5), is nearly an order of magnitude lower than from number #3. This is clearly imputable to the 
lower bending strain occurring on this S-shaped part of the structure. 
By examining the total output power provided by the converter prototype (Figure 10) it clearly appears that the highest 
conversion occurs at the first and fourth eigenfrequencies, reaching nearly 60 W and 10 W respectively. A remarkably lower but not 
negligible output power occurs also at the remaining eigenfrequencies, where a total of some microwatts was registered. Among the 
resistive loads here considered, it appears that the 470 k is the optimal value for all the eigenfrequencies. 
As general observation, the proposed energy converter relying on dynamic magnification appears promising since it provides 
many eigenfrequencies below 100 Hz and a significant output power. If needed, the modal response can be shifted downward using a 
thinnest support lamina. The output power can be significantly increased also by applying three additional piezoelectric transducers on 
the symmetric half of the top surface, as outlined in Figure 4, but also mirroring the same configuration on the bottom surface, for a 
total of 12 piezoelectric transducers. Assuming a linear behavior, and to be able to simultaneously manage many transducers, the 
power density of such configuration would be equal to 23 W/cm3, at the fundamental frequency (about 30 Hz), for an input 
acceleration equal to 0.3 g. Compared to piezoelectric converters proposed in the literature (see the review in [24]), where similar 
output power values are obtained for the same acceleration level but at remarkably higher eigenfrequencies, this represents a valuable 
result. 
CONCLUSIONS 
The paper presented a simple and innovative piezoelectric energy harvester based on a square support lamina. The converter 
features a couple of dynamic magnifiers that support two cantilevers, for a total side length of the structure equal to 100 millimeters. 
After a preliminary computational analysis, the experimental validation confirmed a quite valuable frequency response including five 
eigenfrequencies below 100 Hz. The total output power from the three piezoelectric transducers here used was good, in particular over 
two of the five eigenfrequencies of the system. In addition, by choosing either an appropriate thickness for the support lamina or a 
desired side length, the eigenfrequencies range can be significantly shifted up or down. 
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